ABSTRACT Background: Given the growing prevalence of overweight and obesity, weight-management strategies could be developed based on the effect of specific food ingredients on the gastrointestinal system to reduce food intake. Objective: The aim of this study was to investigate the mechanisms by which a vegetable-oil emulsion may exert its effect on satiety by applying a multilumen tube to investigate digestion and absorption of lipids in the stomach and proximal jejunum. Design: We gave 16 healthy, normal-weight subjects (in a doubleblind, placebo-controlled crossover design) a test product (yogurt with a vegetable-oil emulsion) or an equal-calorie control by intragastric administration on 2 separate occasions. Gastric and intestinal samples were collected from the proximal jejunum during 180 min. Results: We observed almost double amounts (P , 0.05) of total lipids, mainly as free fatty acids, from the test product (450 6 119 mg) in the proximal jejunum compared with amounts of total lipids from the control product (230 6 50 mg), and an over-time difference of free fatty acid concentrations was observed between the products (P , 0.05). To our knowledge, a novel and unexpected finding was the appearance of needle-shaped crystals in the jejunal samples that originated from the vegetable-oil emulsion and consisted of saturated fatty acids. Crystals were only rarely seen in the control samples. Conclusion: The higher amount of lipids in the proximal jejunum and the recovery of crystals in the intestinal samples after testproduct infusion provide a plausible physiologic explanation for the ileal brake mechanism that leads to the increased satiety observed for this test product.
INTRODUCTION
The increasing prevalence of overweight and obesity worldwide is well established (1) , and the need exists for practical intervention strategies. Although numerous environmental and genetic factors contribute to the increasing prevalence, the development of overweight and obesity is a consequence of energy intake that exceeds energy expenditure. It was estimated that affecting energy balance by only 100 kcal/d, the average weight gain of the adult US population could be prevented (2) . One way to prevent excess energy intake is to control appetite; hence, ingredients that affect satiety may play a role in preventing weight gain, especially if these could be incorporated into everyday foods.
Satiety feelings are determined by a coordinated series of neural and humoral signals that originate from the gut in response to mechanical and chemical stimuli from the ingested food (3) . Fat in the form of a triacylglyceride emulsion suppresses shortterm hunger and food intake more than does an equienergetic infusion of carbohydrates (4, 5) . The presence of lipids in the distal small intestine increases the gastrointestinal transit time, stimulates the release of gastrointestinal hormones, inhibits pancreaticobiliary and gastric acid secretion, and reduces appetite (6) (7) (8) (9) (10) (11) (12) (13) (14) .
On the basis of these observations, the ileal brake mechanism has been proposed as a part of a negative feedback loop in appetite regulation. A reduction in the rate of digestion or absorption of dietary fats will increase the intraluminal fat component and lead to an increase in satiety signals in the distal small intestine (7, 8, 13, 15) . Short-term studies in both normal and overweight subjects, which measured the effects on food intake with a vegetable-oil emulsion made of palm oil and oat oil in water, showed a suppressive appetitive response (16) (17) (18) . However, other studies did not show a significant effect (19, 20) . The inconsistency of the results may, at least in part, be attributed to heterogeneity in the study design and the methodologic approaches. Alternatively, long-term studies with a positive effect on body-weight control (21) could be regarded as a confirmation of the appetite-suppressing effect. A plausible mechanism has been suggested on the basis of delayed breakdown of the vegetable-oil emulsion with the presence of unabsorbed nutrients in the ileum that activate the ileal brake (17) . An increased gastrointestinal transit time was recently shown with the fat emulsion investigated in this study (22) , but additional studies are needed to confirm if digestion or absorption rates are reduced with this vegetable-oil emulsion.
The aim of this experimental clinical study was to investigate the differences in digestion and absorption of this vegetable-oil emulsion compared with those of dispersed milk fat in the gastrointestinal system in healthy subjects by using a wellestablished multilumen intestinal tube technique with an occluding balloon (23, 24) .
SUBJECTS AND METHODS

Subjects
Healthy subjects of both sexes were recruited through advertisements in Uppsala University and around the campus. Subjects [aged 20-45 y; body mass index (in kg/m 2 ) of [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] were eligible for the trial if they were considered healthy before the medical examination and had clinically normal findings in the laboratory measurements. Subjects with a significant clinical illness or injury within 2 wk before the first administration of the trial, history of cardiac, renal, hepatic or significant gastrointestinal disease, hypersensitive stomach, history of lactose intolerance or other types of food intolerance, symptoms or signs of an ongoing allergy or hypersensitivity, history of drug addiction or alcohol abuse, requirement of concurrent medication during the study, and intake of any prescribed medicine within 2 wk before the study were not eligible to be included.
After an initial screening, 16 healthy subjects (4 men and 12 women; age range 23-36 y; mean age: 28.0 y for men and 27.9 y for women; mean body mass index: 23.1 for men and 22.2 for women) participated in the study.
Ethics
The single pass jejunal-perfusion studies were performed at the Clinical Research Department, University Hospital, Uppsala, Sweden, and were approved by the Ethics Committee (decision no. 
Study design
The study had a randomized, double-blind, single-product administration and placebo-controlled crossover design and was carried out within 3 wk. The study started on 25 February 2008 and was completed on 23 April 2008. Each subject was studied on 2 separate occasions with a !5-d interval between study visits. Within the study, participants were evenly randomly assigned between the 2 study days; one group received the test product first (300 g yogurt that contained 8.5 g fat from a vegetable-oil emulsion), whereas the other group received the control product first (300 g of yogurt that contained 8.5 g dairy fat).
Clinical method
All subjects were on a standardized diet the day before the experiment because they received all food items to be consumed from the institute. The energy and macronutrient amounts were set according to the Swedish Nutrition Recommendations for men and women, respectively, at age 20-50 y with normal physical activity (men: 2900 kcal; women: 2200 kcal; percentage of energy given at 55%, 30%, or 15% for carbohydrates, fats, and proteins, respectively).
After an overnight fast of 10 h, the perfusion tube (LOC-I-GUT; Synectics Medical, Stockholm, Sweden) was introduced through the mouth and positioned in the proximal part of the small intestine during fluoroscopic guidance (Philips BV 21-S; Philips Healthcare, Best, Netherlands). During insertion, a polytetrafluoroethylene-coated guide wire inside the instrument was used to facilitate the passage of the tube into the small intestine (Amplatz extrastiff wire guide; William Cock Europe A/S, Bjaereskov, Denmark). The tube was a multichannel device designed and extensively validated at our laboratory (23) (24) (25) . The tube could be fitted with 2 occluding balloons for segmental studies of intestinal metabolism in a closed segment of the intestine. In this study only the distal balloon was inflated because we wanted to include all enzymes excreted and transported into the intestine from saliva, the stomach, bile, pancreatic juice, and the intestinal wall and, thereby, mimic the normal intraluminal metabolism of food. With one balloon inflated, the available surface area for absorption was similar between experiments. This is described in detail elsewhere (25) . The tube was placed at approximately the same position in the proximal small intestine in all subjects. After finishing each experiment, the position of the tube was determined. Along with the perfusion tube, another tube was positioned in the stomach for infusion of the different yogurt products as well as for obtaining samples from the stomach for different analyses (Salem sump tube; Sherwood Medical, Tullamore, Ireland). The detection of the placing of this gastric tube was performed in the same manner, and it ensured that infusion of the 2 different products was carried out in a likewise position in the stomach in all subjects. Once the perfusion tube was in place, a distal balloon was inflated with '26-30 mL air. The distance from the tip of the gastric tube, where the products were infused, to the occluding balloon of the perfusion tube in the proximal jejunum, where the intestinal juice mixed with the different partly digested yogurts was collected, was '35 cm at the beginning of each experiment. All gastric fluid was collected and replaced by 20 mL saline solution before infusion of the yogurt products through the gastric tube. After infusion, samples were drawn at regular time intervals. After 30 min, a gastric sample of '10 mL was taken, whereafter the gastric tube was rinsed with 10 mL saline solution. At the end of the experiment, after 180 min, the total contents of the stomach were retrieved. During 3 h, intestinal samples were collected every 30 min in vials that were kept at 37°C. All samples obtained were checked for pH (indicator paper ranged from pH 2.0-9.0 in steps of 0.5 pH units; E Merck AB, Stockholm, Sweden). A minute amount of the samples was taken for light microscopy, accurately weighed, and directly brought to a pH ,3 with 0.1g 1 mol/L HCl solution/ g sample, immediately frozen with liquid nitrogen, and stored at 280°C until freeze-dried (Alpha 2-4 LD; Martin Christ, Osterode am Harz, Germany and VirTis Wizard 2.0; SP Industries, Gardiner, NY). Thereafter, the dried samples were stored at 280°C.
Products
In this study, 2 different yogurt products were investigated. The control product contained milk fat, and the test product contained the vegetable-oil emulsion Fabuless (DSM Food Specialties, Delft, Netherlands) (535 and 538 kcal, 28.3 and 28.3 g fat, 32.7 and 33.0 g protein, and 37.7 and 37.7 g carbohydrate, respectively; the content is given per 1000 g product). The laboratory scale production of the test products was described elsewhere (22) . Two batches of each yogurt were produced; the shelf life of the products was too short to cover the study period with one batch. The mean (6SD) lipid emulsion particle sizes for the 2 batches each of the control and test yogurts, respectively, were 621 6 429 and 572 6 367 nm with 21.6% and 16.2% .1 lm and 589 6 437 and 520 6 340 nm with 13.8% and 11.7% .1 lm as determined with an LS 13 320 Laser Diffraction Particle Size Analyzer (Beckman Coulter BV, Woerden, Netherlands). Before particle-size analysis and for light-microscopy evaluation, the yogurt samples were dispersed into tubes containing 0.2% EDTA in sodium hydroxide solution at pH 12 to dissolve protein (Sigma Aldrich, Zwijndrecht, Netherlands)
Analytic measurements
Several different analyses were performed such as analyses of lipid composition [monoacylglycerides, diacylglycerides, triacylglycerides, and free fatty acids (FFAs)], fatty acid composition [fatty acid methyl ester and FFA composition], and lipase activity (for gastric juice at the start of the experiment only). Microstructural analyses were done by light microscopy, X-ray diffraction, and differential scanning calorimetry (DSC).
Lipid-composition analyses by HPLC
For HPLC, the freeze-dried samples were extracted as follows: 20 mg homogenized sample was extracted with 1 mL solvent mixture [heptane chloroform (3:1)], followed by ultrasonic treatment of 15 min (ultrasonic bath model no. USC1700D; VWR, Amsterdam, Netherlands), and vigorously shaking for 1 h (laboratory shaker, KS501 IKA; Labortechnik, Staufen, Germany). The solid material was removed by filtration with 0.2 lm polyvinylidene fluoride membranes (Pall Life Sciences, Ann Arbor, MI), and 10 ll was injected into a normal phase HPLC (Agilient 1100 liquid chromatograph; Agilent Technologies, Santa Clara, CA) equipped with a polar (cyano) column with evaporative light-scattering detection (Sedex 75; Polymer Laboratories Ltd, Shropshire, United Kingdom). A gradient of heptane-t-butylmethylether was used as a running medium. With the use of the calibration line and the Chromeleon Chromatography Management System program (Dionex Corporation, Sunnyvale, CA), the components were determined. Values were converted into moles by using average molecular masses calculated according to the fatty acid composition of the test products. Lipids were separated with a normal-phase chromatography system by using a gradient of organic solvents (26) . Retention times were determined with commercial samples of known composition.
A variation of the method was determined by measuring several samples in triplicate. For low concentrations of lipid material (0-2 mg/mL), the SD on the data was observed to be 0.08 mg/mg, for higher concentrations (2-15 mg/mL), the relative SD on log values was determined to be 5.7%. In both cases the deviations were smaller than the total spread within the results and, therefore, were not taken into account for further results.
Fatty acid analyses
The fatty acid profile of the whole lipid composition was determined by the fatty acid methyl ester method. A sample amount of the crude sample was saponified and esterified to its methyl esters and quantified compared with an internal standard of pentadecanoic acid methyl ester. Approximately 30 mg of the sample and 20 mg pentadecanoate were weighed accurately in a headspace vial. A magnetic stirrer, 1 mL toluene/butylated hydroxytoluene solution, and 4 mL of 0.5 N NaOH solution were added to each tube. The vials were closed with a crimp cap and gently stirred and heated in a heating module for 5 min at 100°C. After cooling down, 5 mL of boron trifluorid-methanol-complex solution (80 1663; E Merck AB) was added, and the vial was closed again and heated once more for 30 min at 100°C. After cooling down, 4 mL heptane and 5 mL saturated sodium chloride solution was added. After mixing thoroughly, the vial was centrifuged at 3000 rpm for 10 min. Gas-chromatography analyses were performed with a gas chromatography system [Hewlett-Packard 5890 series 2; Hewlett-Packard (now Agilent), Amstelveen, Netherlands] equipped with a flame ionization detector, a fused silica column [CP-Sil-88; Varian (now Agilent), Walnut Creek, CA], and an injection volume of 1 lL with nitrogen as the carrier gas. The profile of the FFA part of the lipid composition was determined by a method described previously (27) .
Gastric lipase activity
Gastric lipase activity was determined in gastric samples taken before yogurt infusion as described previously (28) . The gastric juice (without pH adjustment) was frozen with liquid nitrogen and stored at 280°C until analysis. The freeze-dried samples were diluted (50 mg + 2.5 mL with demineralized water). The measurements were performed with a pH titrator (pH stat TM854; Radiometer, Brønshøj, Denmark) at 37°C. The first part of the measurements was conducted by using a pH-stat method (1 min at pH 5.4), and the second part of the measurements was conducted by using an endpoint method (quickly from pH 5.4-9.4). The total dosed volume (parts 1 + 2) of sodium hydroxide was the measure for the activity. A blank measurement of each sample (medium without substrate + sample) was also performed, and this (volume) was subtracted from the total dosed volume.
Light microscopy
In vivo samples for light-microscopy evaluation were taken after 30 min (gastric samples) and 60 and 180 min (jejunal samples). One drop of the gastrointestinal sample was placed on a slide, covered, and immediately evaluated by light microscopy (Nikon Eclipse E800 with image-analysis program Lucia GF on MV-1500 version 4.6; Nikon Instruments Europe BV, Amstelveen, Netherlands) by using the phase-contrast mode, mostly at a magnification ·40. Four images were taken, one from each quadrant of the sample, which usually focused on a part of the sample with more details. Two investigators visually analyzed the images on the basis of the following criteria: droplet size, air bubbles, protein leftovers, rods or lactic acid bacteria, mucus or cells, and a general overview. In jejunal samples where crystals were observed, the amount of crystals was estimated by counting the number of crystals in each image of each quadrant. If in !3 of 4 images, !5 crystals were observed, the sample was characterized as having many crystals.
For ,3 images that showed ' 5 crystals, the sample was characterized as having a few crystals. If no crystals were observed, the sample was characterized as having no crystals.
X-ray diffraction of crystals
Freeze-dried powders of a subset of samples were subjected to X-ray diffraction. Powder-diffraction measurements were performed with a Bruker D8 Advance equipped with a Vantec detector by using h-h geometry (Bruker Austria, Wien, Austria). Experiments were performed with a 0.3°divergence slit by using a scan speed of 0.3°/s. A series of patterns was recorded from each sample to monitor possible changes in the materials and improve data quality. Identification of the components was performed with the International Centre for Diffraction Data (www.icdd.com) database.
DSC
A selected set of freeze-dried samples from the jejunum sampled after 60 min of perfusion time was subjected to DSC with a Mettler Toledo DSC 821 (Mettler, Tiel, Netherlands) in a temperature range from 215°C to 200°C and heated with a rate of 5°C/min. Aluminum pans (40-lL) were filled with '10 mg of the freeze-dried sample. An empty pan was used as a reference.
Raman microscopy
Raman microscopy (29) was performed on freeze-dried material with a Jobin Yvon LabRAM HR800 system (Villeneuve d'Ascq, France; 600 grooves/mm grating and k = 514.5-nm laser). An Olympus LM PlanFL objective (·100; Hamburg, Germany) was used in conjugation with a 100-lm confocal pinhole.
As reference samples, palmitic acid (Sigma Aldrich) was used as well as the sodium and calcium salts, which were made by adding an equimolar amount of the hydroxide to an aqueous dispersion of palmitic acid at 80°C. Freeze-dried jejunal samples were washed with isopropanol, ethanol, and water and observed by using reflected light microscopy to select objects that were subsequently analyzed by Raman spectroscopy. Four spots of each sample were used to identify the nature of the crystals.
Statistical data analyses
Data are presented as arithmetic mean values and corresponding SEMs. Statistical analyses were performed by using Student's t test for paired and unpaired data regarding the amount of lipids and volume obtained in each time interval when the subjects were given the vegetable-oil emulsion composition compared with when subjects consumed the control product (GraphPad Prism version 3.0; GraphPad Software, San Diego, CA). Calculations of Pearson's product moment r and Spearman rank r were used for testing differences in lipase activity. The study of data with multiple measurements within the 2 treatments was performed with analysis of variance for repeated measurements (univariate mixed-effect model approach). For the mixed-effect analyses, the principal model was restricted to the main effect of the treatment · time interaction. Statistical analysis of variance was performed with SAS software (version 9.1; SAS Institute, Cary, NC). Differences were considered significant at P ,0.05.
RESULTS
In 11 out of 16 subjects, samples were obtained from all time periods and from both gastrointestinal sampling sites. In 5 subjects some gastrointestinal samples were missing because those experiments did not last for 180 min or samples could not be obtained ( Table 1) . The position of the tip of the perfusion tube had moved slightly further down from the initial position because of normal peristalsis, but the distance did not differ between the 2 treatments (test product compared with control product: 14 6 8 compared with 13 6 7 cm, respectively). This consistency together with the use of one occluding balloon ensured that the available intestinal surface area between experiments was the same.
Total amount of lipids and lipid composition
The absolute amounts of lipids (in mg) detected in the different gastrointestinal samples are shown in Table 1 . The lipid composition in the jejunum after consuming test and control yogurt are presented in Figure 1 .
Stomach
Hydrolysis of the lipids started in the stomach, although 76.2 6 7.6% of the lipids in the test product and 70.0 6 13.8% of the control product remained as triacylglycerides after 30 min. There was no significant difference in gastric triacylglyceride concentrations after 30 min.
Triacylglycerides continued to be the major component with both treatments up to 180 min (Table 1 ). There were significantly more monoacylglycerides and FFAs with the test product than with the control product (P , 0.05 for both monoacylglycerides and FFAs). The amounts of diacylglycerides (both the 1,3-diacylglyceride and 1,2-diacylglyceride) did not differ between the products.
In total, 8.5 g lipids was infused into the stomach in both treatments out of which 475 6 131 and 352 6 105 mg of the test and control product, respectively, was recovered in the stomach after 180 min (P = 0.07).
The amount of the gastric juice that was retrieved after 180 min was significantly higher for the control product (P , 0.05) than for the test product (test product compared with control product: 46.2 6 12.4 compared with 75.6 6 17.2 g, respectively).
Proximal jejunum
Because the sampling of the intestinal fluid was obtained in the proximal part of the jejunum, the majority of the lipids were almost fully hydrolyzed to FFAs ( Table 1 ). The total amount of lipids collected from the jejunum during the 180-min period was 450 6 119 compared with 230 6 50 mg (P , 0.05) for the test product and milk fat lipids, respectively. There was no significant difference in the intestinal sample volumes obtained after each treatment. Samples from the test-product treatment contained significantly more FFAs than did the control-product treatment (P , 0.05). Diacylglycerides were predominantly in the thermodynamically more stable 1,3-diacylglyceride form. The concentrations of 1,3-diacylglyceride and 1,2-diacylglyceride did not differ between test and control treatments (Table 1) . No significant difference in the total amount of monoacylglycerides was obtained between the 2 groups (P = 0.09). The amount of triacylglycerides was ,0.1 mg in all jejunal samples except in the control treatment after 30 min, where 0.34 mg of triacylglycerides was detected.
The fatty acid profile was determined in the products before ingestion and in the jejunal samples obtained at 60 min. The latter determination was done in 2 ways: the fatty acid profile of the total lipid composition (triacylglycerides, diacylglycerides, monoacylglycerides, and FFAs) was determined, and the fatty acid profile of only the FFA part of the total lipid composition was determined. The fatty acid profiles are listed in Table 2 as relative compositions. After infusion of the test product, an enrichment of the long-chain saturated fatty acids was seen in the jejunum [especially palmitic acid (16:0)] compared with the starting composition. An even further enrichment of the longchain saturated fatty acid was apparent in the FFA fraction of the lipid composition. The control showed a smaller difference in fatty acid composition compared with the starting product.
Gastric lipase activity
The gastric lipase activity of gastric fluid showed both intraand interindividual variability. Subjects were divided into 3 groups on the basis of the level of lipase activity as follows: 1) no activity (below the detection limit; ,300 lmol Á min 21 Á g 21 ; 7 persons), 2) low activity (300-1000 lmol Á min 21 Á g
21
; 4 persons), and 3) high activity (1000-5000 lmol Á min 21 Á g
; 5 persons). No correlation was seen between the initial gastric lipase activity and the rate of lipolysis patterns in any of the 2 treatments. However, the level of lipase activity had limited effects on the relative concentrations of triacylglycerides when measured in the stomach at 30 min. In the group with the highest lipase activity, '70% of triacylglycerides were detected, and in the 2 groups with a lower activity, '80% of triacylglycerides were detected (data not shown).
Evaluation of pH
The pH levels in the stomach were '2-4 in the fasted state before yogurt was given and increased to '4.5 at 30 min and dominated by the pH of yogurt. At 180 min, the pH values had returned to the fasting value of 2-3, and there was no difference between the 2 products. Difference over time between treatments for jejunal samples, P , 0.05 (repeated-measurement ANOVA).
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Sample numbers are as follows for control-product treatment and test-product treatment, respectively: The pH values of the jejunal samples obtained before infusion of the test product ranged between 5.5 and 6.0 and were within the range previously reported with this technique (30) . The pH levels of the jejunal samples increased slightly during the experiment; however, there was no statistical difference in the pH values between the 2 products.
Microstructural analyses
Microscopic analyses of the yogurt products before ingestion and gastric samples showed no differences. The gastric samples had similar features as the starting material, although the protein aggregates were more broken down.
The majority of the protein aggregates in the jejunal samples had vanished after proteolysis and absorption. No fat droplets were observed in intestinal samples from the test-product group. Instead, an abundance of crystals was observed that were recognizable as high-contrast needle-shaped objects of !20 lm (Figure 2, A and B) . In the control-product group, only sporadic crystals were seen in the intestinal samples ( Figure 2C ). When the subjects were given the test product, 11 out of 16 subjects had crystals in the intestinal samples and in most cases even many crystals ( Table 3) . At 180 min, 7 out of 16 intestinal samples contained many crystals (ie, .5 crystals). In the control product, only a few crystals were seen in some subjects (ie, 5 crystals) after 60 and 180 min. These crystals were not seen in the starting products or in the gastric samples.
X-ray diffractograms of freeze-dried material were taken of a subset (test and control products) of jejunal samples collected at 60 min. An example of such an X-ray diffractogram obtained from the test-product treatment is shown in Figure 3 . The largest signals could be attributed to sodium chloride (2h = 27.3°, 31.7°, 45.4°, 53.8°, and 56.4°) and the second largest set of signals for potassium chloride (2h = 28.2°, 40.4°, and 50.1°). However, during the light-microscopy evaluation, the sodium chloride and potassium chloride were still dissolved and, hence, did not appear as crystals.
The other signals mainly represented long-chain saturated fatty acids, such as palmitic acid, characterized by signals at 2h = 21.5°and 24°, and the smaller peaks at 2h = 7°, 10°, and 12.5°. These values match literature values (31) and differ from literature values for sodium or calcium salts of palmitate (also recorded; data not shown).
Dried jejunal samples were also subjected to the DSC, and samples from the test-product treatment showed a single melting signal with a maximum (melting temperature) at 58°C, which was close to the value of pure palmitic acid of 63°C. Sodium palmitate melts at 270°C. Samples from the control treatment showed a single melting signal at a peak temperature of '52°C, which was too low to be attributed to the melting point of palmitic acid alone.
Objects with crystalline features were analyzed with Raman microscopy. An example of the intestinal sample obtained from the test-product treatment that shows both the reflective-lightmicroscopy image and the Raman spectrum obtained at the indicated spot are presented in Figure 4 . This Raman spectrum was compared with recorded reference spectra of palmitic acid and sodium and calcium palmitate and data from the literature (32) . From a comparison of the fine details of the spectra, it was concluded that the crystal consisted of palmitic acid and not of palmitate salt.
DISCUSSION
This study with a validated intestinal perfusion technique generated in-vivo experimental data on digestion and absorption of lipids in the upper gastrointestinal tract in humans after -product treatment  9  7  0  11  5  0  Test-product treatment  2  7  7  6  3  7 1 0, no crystals; +, few crystals; ++, many crystals. intragastric infusion of yogurt that contained a vegetable-oil emulsion or milk fat. The results showed that the total amount of lipids at the jejunal sampling site was significantly higher for the test product that for the control product. These results suggest a slower digestion or reduced intestinal absorption of the lipids from the test product. This finding was not due to gastric lipase activity or gastric emptying, to different lipolysis kinetics induced by different lipid natures or emulsion microstructures, or to differences in the luminal pH.
In the proximal jejunum the lipids in the 2 test products were hydrolyzed mainly into FFAs, although small amounts of diacylglyceride and monoacylglyceride were still present. To our knowledge, an unexpected and novel finding was the appearance of crystals in the jejunal samples coming from the vegetable-oil emulsion (test product), whereas crystals were only rarely seen in intestinal samples from the control product. Crystals could not be observed in the gastric samples.
Although the amount of fat intake was the same for both product treatments, the higher amount of FFA in the intestinal lumen indicated a slower digestion (lipolysis) or absorption of the lipids with the test-product treatment. Two explanations that contribute to this difference are as follows: 1) the difference in structure of the triacylglycerides of the 2 test products and 2) the occurrence of crystals observed in the jejunal samples. First, the amount of long-chain saturated fatty acids, mainly palmitic (16:0) and stearic (18:0) acids, were similar for the 2 test products, but the distribution of these fatty acids on the glycerol moiety differed. Palm oil has predominantly long-chain saturated fatty acids in the outer positions and unsaturated fatty acids in the middle position, whereas milk fat contains a higher proportion of long-chain saturated fatty acids in the middle position (33) . It has been shown that animals and human infants have better gastrointestinal absorption of palmitic and stearic acids when positioned in the middle of the triacylglycerides compared with those in the outer positions (34, 35) . However, that relation between lipid structure and intestinal absorption has not been confirmed in human adults. Intestinal absorption of palmitic acid is high in human adults regardless of the position on the glycerol moiety (36, 37) . Thus, it is unlikely that the difference of the structure of the triacylglycerides in the test and control products influenced the intestinal absorption rate of long-chain saturated fatty acids in this study. A second and more plausible explanation is that the formation and growth of needleshaped palmitic acid crystals in the jejunal samples could have delayed the absorption of fatty acids from the intestine.
Lipids, and particularly FFAs, that are rich in long-chain saturated fatty acids with a chain length of !16 carbon atoms are the only class of molecules from the digested food constituents that can form crystals at body temperature (33) . All other food constituents present in the intestine after consumption of yogurtbased products, such as peptides and carbohydrates, will not form crystals in the aqueous environment of the intestinal lumen at body temperature. The fatty acid analyses showed a relative enrichment of palmitic acid concentrations in the jejunal samples after the test product treatment compared with the concentrations in the starting products. Palmitic and stearic acids and their sodium or calcium soaps form needle-shaped crystals in an aqueous environment (38) . It is possible that the crystals are insoluble soaps of long-chain saturated fatty acids at the jejunal pH, as reported previously (39, 40) . However, the FFA was observed in the current study in its protonated form (palmitic acid), not as its salt.
In the acidic stomach, crystallization of hydrolyzed palmitic acid might be initiated, but crystals are too small to be observed by light microscopy and will be disguised in the still present fat globules that contain mostly triacylglycerides. Once emptied into the intestine, these invisible crystals could act as nuclei for the newly hydrolyzed palmitic acid. In the samples that were retrieved from the jejunum, the majority of the lipids were hydrolyzed, fat globules were gone, and palmitic acid crystals became visible.
Although the total amount of FFAs in the jejunal samples from the control treatment contained 60% palmitic and stearic acids, crystal formation hardly occurred. The explanation that underlies the crystal formation could be that the test product contained polar fractions of oat oil rich in galactolipids that emulsified the palm oil (41) . The control product contained phospholipids in a much lower amount (relative to the lipid concentration), which was an amount hardly capable of emulsifying the dairy fat.
We propose that galactolipids have a crucial mediating effect on crystal formation, first as a nucleator and later as a growth facilitator for freshly hydrolyzed saturated long-chain fatty acids by lipase on the droplet surface. Being concentrated close to the droplet surface, the FFA molecules are promoted to form a regular arrangement with the long saturated tails oriented parallel to each other. It is energetically favorable for the FFA molecules to crystallize, even at 37°C. Galactolipids can form lamellar liquidcrystalline phases in water (42, 43) . Thus, by providing a flat interface, galactolipids stimulate the first ordering of newly hydrolyzed long-chain saturated fatty acids. This mechanism is known as template-assisted nucleation (44) . When FFA molecules are released, the crystal can grow out of the droplet environment into the water phase. The surface-active galactolipids can overcome the unfavorable surface energy of this hydrophobic crystal of saturated FFA growing out of the droplet confinement and the poor wetting of the hydrophobic crystal in the aqueous environment. In the control product, only a limited amount of surface-active lipids (as phospholipids) are present to facilitate such a crystal growth. Good emulsifiers can stimulate the formation of needle-shaped lipid crystals in certain lipid compositions that grow from the lipid droplet into the aqueous phase (45) .
The occurrence of crystals in the jejunum may alter the conditions for absorption of lipids along the intestine. The molecular solubility of palmitic acid in neutral water is low but not zero [0.72 mg/100 g or 30 lmol/L at 20°C (46) ] and is expected to be low in the aqueous phase of the intestinal lumen because the pH is between 6.5 and 7.0. After being molecularly dissolved in the aqueous phase, dissolution of the hydrophobic palmitic acid into the hydrophobic core of the mixed micelle is favorable. Although the palmitic acid crystals are transported further down the intestine and into the ileum, free palmitic acid is gradually released from the crystals, taken up by the mixed micelles, and transported to the ileal wall. The presence of yet unabsorbed lipids will lead to an activation of the feedback system in the ileum, such as the reduction of gastrointestinal motility and an increase of the release of satiety hormones (12) . In particular, long-chain fatty acids are potent triggers of the ileal brake (6, 7, 13) and induce satiety (6) . The results from a previous study (22) with this vegetable-oil emulsion showed a delay in gastrointestinal transit, and the data presented in this study form a hypothesis for a slower digestion or reduced absorption rate as the mechanisms for the observations. A larger part of the intestinal surface area exposed to lipids or the increased exposure of lipids to the ileum could be the explanation behind the suppressive effect on food intake presented in previous studies (16) (17) (18) .
In the current perfusion study, it was possible to investigate the fate of lipids during the natural digestive route for food, and therefore, this study is different from studies where model emulsions were infused into the ileum (13) .
In conclusion, significantly higher amounts of lipids, mainly as FFAs, were observed in the proximal jejunum during 180 min after ingestion of the vegetable-oil emulsion compared with the amounts of lipids observed after ingestion of the control composition. The FFA appeared as palmitic acid crystals and, hence, caused a reduction of digestion and absorption rates from the small intestine. The crystallization of hydrolyzed ingested lipids in the gastrointestinal lumen makes it possible that sufficient amounts of lipids may reach the ileum and activate a feedback mechanism, such as an ileal brake. Together, these results form a hypothesis that may explain the increased satiety that has been observed with this vegetable-oil emulsion made of palm oil and oat oil.
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